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Single atom alloys (SAAs) catalysts become potential to provide excellent activity, selectivity, and stability to-
ward the selective dehydrogenation of light alkanes by activating the desired C-H bond, however, the ideal
metallic combination to best catalyze C;Hg dehydrogenation is unclear yet. In this study, the activity and
selectivity of ethane dehydrogenation on fifteen types of SAA catalysts (Co, Ir, Ni, Pd and Pt doped-Cu, Ag and
Au) were fully investigated using DFT calculations and microkinetic modeling, and compared with that on the
widely reported Pd, Pt, Cr and Pt3Sn. The results show that the activity of C;Hg dehydrogenation to gas phase
CyH4 on all considered SAA catalysts has a relationship with CoHy desorption energy, the easier the desorption of
CyHy is, the lower the activity of CoHg dehydrogenation to gas phase CoHy is. Similarly, CoHy selectivity has a
relationship with CaHs adsorption energy, the weaker CoHs adsorption energy is, the higher CoHy selectivity is.
Essential reason was explained based on the analysis of electronic properties. Thus, the dual descriptors, CoHy
desorption energy and CyHs adsorption energy, were proposed to evaluate the activity and selectivity of CoHg
dehydrogenation to gas phase CaHy, respectively. Among these SAA catalysts, the low cost NiCu catalyst with the
best activity and selectivity toward gas phase CoH4 formation is screen out, which is superior to the noble metals
Pd and Pt widely reported. This study is expected to provide a simple and valuable method to screen out high
performance SAA catalysts in alkane dehydrogenation to alkene.

1. Introduction

Nowadays, ethylene is mainly produced through the thermal steam
cracking of naphtha and ethane; however, it suffers from the energy-
intensive and coking problems [1,2]. Consequently, extensive atten-
tion was paid to developing alternative processes, one is the oxidative
dehydrogenation (ODH) [3-5], and the other is the catalytic dehydro-
genation (CDH) [6-8]. ODH occurs at low temperatures and suppresses
the formation of hydrogen as a byproduct, while the selectivity issue
becomes significant since the competition between the oxidative dehy-
dration reaction and the very fast combustion of alkene product.
Whereas CDH occurs at lower temperatures compared to the steam
cracking, and thus lowers coke formation; moreover, the combustion is
not concerned due to the absence of the oxygen, the dehydrogenation

process can also produce Hy [9,10]. Despite above advantages of CDH, it
still requires high temperature (>700 K) and it is strongly endothermic.

Nowadays, the dehydrogenation of light alkane on the supported Pt
catalysts exhibited excellent activity, selectivity, and thermal stability
[11-13], however, the alkene from the dehydrogenation can strongly
interact with Pt surface, weakening the desorption capacity of alkene
and facilitating its deep dehydrogenation or C-C bond cleavage leading
to surface carbonaceous species [14-16]. Thus, the pure Pt catalyst is
rapidly deactivated due to large deposits of coke. Further, alloying Pt
with Sn inhibits the catalyst deactivation and coke formation compared
to the pure Pt catalyst [17,18], in which Sn weakens the bonding
strength of the alkenes on the alloy surface, and promotes the desorption
of alkene product easily compared to the pure Pt, however, it also re-
duces the rates of alkane dehydrogenation and its C-C bond cleavage
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[19-21].

Above results show that in alkane dehydrogenation to alkene, the
preference between alkene desorption and its dehydrogenation is the
selectivity-determining step, increasing alkene selectivity by weakening
alkene interaction with the catalyst surface will accompany activity
decreasing due to the rate reduction of the dehydrogenation and C-C
bond cleavage of the alkane. Thus, to achieve excellent activity and
selectivity in ethane (CyHg) dehydrogenation to ethylene (CoHa),
developing catalysts should focus on two key factors: one is to balance
the activity between the dehydrogenation and C-C bond cleavage in the
process of CoHg dehydrogenation to CoHy, the other is to balance the
competition between CyH,4 desorption and its dehydrogenation/C-C
bond cleavage.

In the recent ten years, Kyriakou et al. [22] firstly established the
single-atom alloy (SAA) materials as a class of catalysts in 2012 and
aroused widespread interest. SAA catalysts are usually composed of the
inert metal substrate and active metal atoms dispersed on the inert metal
surface, only 1% of active metal atom is isolated within the surface of
inert metal host [23-25], which significantly improved the reactivity
and kept the excellent selectivity of the host metal for numerous cata-
lytic reactions [26-29]. This strategy facilitates the selective activation
of the adsorbed species on the surface through the atomically dispersed
active sites, whereas the reaction rate on the pure noble metal was
limited. For example, the final C-H bond dissociation of methane
leading to coke formation can be significantly inhibited on a series of Pd-
, Pt-, Rh- and Ni-doped Cu SAA catalysts [30]; the same things also occur
on the Ni-, Pd-, Pt- and Rh-doped Cu, Ag and Au SAA catalysts [31]. The
Ir-, Pd-, Pt-, and Rh-doped Au, Ag and Cu SAA catalysts can selectively
activate the C,—H bond of ethanol in its partial oxidation to reduce the
barrier of C-H bond cleavage [32]. For the alkane dehydrogenation, Pd-
doped Cu SAA catalyst increases the activity of propane dehydrogena-
tion besides propylene dehydrogenation, and propylene desorption
takes precedence over side reactions, showing ideal propylene selec-
tivity [33]. Butane dehydrogenation to butene on the Pt-doped Cu SAA
catalyst exhibited moderate activity for C-H bond cleavage between the
pure Pt and Cu, and prevents complete dehydrogenation [28]. The
limitation of the scaling relationship of Pt alloy usually leads to an in-
crease in the selectivity of propene, while the inherent activity of pro-
pane dehydrogenation is inhibited [8]. Further, propane conversion to
propene on the Pt-doped Cu SAAs achieved 90% propene selectivity at
520 °C, and the theoretical calculation verifies that the coking was
obviously reduced [34]. The isolated Pt atoms on the Pt-doped Cu SAAs
facilitate the activation of ethyl in CyHg dehydrogenation, while
avoiding the C-C bond cleavage leading to the coking on Pt [35].

As mentioned above, SAA catalysts have become potential to provide
excellent activity, selectivity, and stability toward the C-H bond acti-
vation and the selective dehydrogenation of alkanes, especially, propane
and methane. However, to date, few studies were implemented to reveal
the mechanism and catalytic performance of CoHg dehydrogenation on
the SAA catalysts, and the activity and selectivity on the SAA catalyst
still remain elusive. Meanwhile, only a few of SAA materials have been
synthesized, moreover, the conventional trial and error methods were
employed to discover the newly-efficient catalytic materials, though this
is both costly and time-consuming. Thus, the potential metallic combi-
nations to best catalyze CoHg dehydrogenation still keep unclear, and
the catalyst screening of metal-metal combinations in the SAA catalysts
with better activity and selectivity toward CyHg dehydrogenation
remain nontrivial tasks. Hopefully, with the rapid advances of parallel
computation technique, the extensive screening of materials for chem-
ical properties has been well realized using DFT calculations [36-38],
which could provide fundamental insight into the properties and the
catalyst function toward CoHg dehydrogenation and realize the catalyst
screening.

To shed light on above issue, this study is designed to carry out a
widespread catalyst screening in CyHe dehydrogenation using both
density functional theory (DFT) and microkinetic modeling calculations,
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aiming at elucidating the fundamental catalytic properties of fifteen
types of SAA catalysts including the single-atom Co, Ir, Ni, Pd and Pt
doped-Cu, Ag and Au catalysts. Meanwhile, the structure-performance
relationship of SAA catalyst was revealed by the analysis of electronic
properties. Further, the dual descriptors were proposed to judge the
catalytic activity and selectivity of CoHg dehydrogenation. This work
will ultimately be expected to aid the design and discovery of SAA cat-
alysts with high-performance in alkane dehydrogenation, serving as a
guide to experimentalists and theoreticians alike.

2. Computational methods and models
2.1. Methods

All DFT calculations were implemented using the Vienna ab initio
simulation package (VASP) [39]. The electronic exchange and correla-
tion were described using the generalized gradient approximation
method with the Perdew-Burke-Ernzerhof functional (GGA-PBE) [40].
Core electrons were treated within the projector-augmented wave
(PAW) framework, and the cut-off energy of the plane-wave basis was
set as 400 eV [41,42]. The convergence criteria for the residual force on
each atom fell below 0.02 eV-A~!, and the total energy difference during
structure optimization was less than 107> eV. The Brillouin zone was
sampled using a Monkhorst-Pack mesh k-point, which is the (5 x 5 x 1)
mesh for the Cu- and Ag-based SAAs, the (4 x 4 x 1) mesh for Au-based
SAAs. For the pure metal slab and Pt3Sn alloy surfaces, that is the (3 x 3
x 1) mesh for Pt, the (4 x 4 x 1) mesh for Cr, the (5 x 5 x 1) mesh for Pd
and (3 x 3 x 1) mesh for Pt3Sn [43]. Dispersion correction was modeled
using DFT-D3 method [44]. The climbing image-nudged elastic band
(CI-NEB) method was employed to acquire an approximate minimum
reaction energy path [45,46]. The transition state was located by the
dimer method until to energy convergence of 0.05 eV-A~1. All transition
states were verified by vibrational frequency analysis [47].

The zero-point energy (ZPE) and free energy correction of the gas
phase and adsorbed molecules were carried out through the VASPKIT
software package [48] at the typical experimental conditions of CaHg
dehydrogenation (873.15 K and 1 atm) [49-51]. The electronic prop-
erties including the projected density of states, Bader charge, charge
density difference, and projected Crystal Orbital Hamilton Population
(pCOHP) were analyzed. All details were presented in the Supplemen-
tary Material.

2.2. Models

For fifteen types of SAA catalysts including the single-atom Co, Ir, Ni,
Pd and Pt doped-Cu, Ag and Au catalysts, the SAA catalyst models were
constructed by replacing a surface atom of the substrate with a doping
metal atom, as shown in Fig. 1. The substrate materials of Cu(111), Ag
(111) and Au(111) were modeled with the four-layer p(3 x 3) super-
cell. For the metal slab surfaces, Pt(111) was modeled with the five-
layer p(3 x 3), Cr(110) and Pd(111) were modeled by the four-layer
p(3 x 2) and p(3 x 3), respectively. For Pt3Sn(111) surfaces, the
model is to use a four-layer p(4 x 4). A vacuum of 15 A was employed to
eliminate the mutual interaction between the slabs. During the optimi-
zation, the bottom one layer of the catalyst slab was frozen, while the
other layers were relaxed.

3. Results and discussions

Previous works [49,52,53] have investigated the full reaction
network of ethane dehydrogenation on the Pt, Pt-M alloy and other
close-packed metal catalysts, indicating that the isomerization reaction
of Cy species (CHo,CH, and CH3CH, CH3C and CH5CH, and CHCH and
CH,C) in CoHg dehydrogenation is difficult to occur, which is excluded
in this study, other reactions are all considered. As a result, the
considered elementary reactions in the process of C;Hg dehydrogenation



Y. Zhang et al.

Fuel 306 (2021) 121641

Doping element to enhance C-H bond activation

(Co, Ir, Ni, Pd and Pd)

Insert substrate to weaken C,H, adsorption

(Cu, Ag and Au)

Fig. 1. The models of SAA catalysts by replacing a surface atom of the substrate with a doping metal atom. Green balls represent the single-atom element (Co, Ir, Ni,
Pd and Pt), the orange, blue and yellow balls represent the inert elements (Cu, Ag and Au) of the substrate, respectively. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

in this study are presented in Fig. 2. Firstly, CoHg molecule is adsorbed
onto the catalyst surface, the first dehydrogenation process has two
steps: the dehydrogenation to CoHs* and the C-C bond cleavage to two
CHs*. Then, starting from the intermediate CoHs*, the second dehy-
drogenation process includes three steps: the dehydrogenation to either
CHCHgs* or CoHy*, and the C-C bond cleavage to CHy*+CHgs*. Further,
CoH4* desorption process involves three steps: CaHs* desorption to
produce gas phase CyHy, the dehydrogenation to CoHs*, and the C-C
bond cleavage to two CHa*.

It is noted that the production of CHCH3*, CoH3* and CHy*(x = 1-3)
will reduce the productivity and selectivity of CoH4*. Previous work
[52,54,55] showed that both CHCHs* and CyHs* are the precursors of
coke formation in CyHg dehydrogenation, their dehydrogenation
(CHCH3*—CHCH5*/CCH3*—CHCH*/CCHy*—~CCH*—CC*) or the C-C
bond cleavage (CHCH,*—CH*+CHy*(x = 1-3), CoHs*—CH*+CHy* and
CCHx*—C*+CHy*), and the dehydrogenation of CHy*(x = 1-3) will
result in coke deposition. Thus, in the process of CoHg dehydrogenation,
both the C-C bond cleavage of C, species to CHy*(x = 1-3) and the
production of CHCHj3 and CyHs* precursors are expected to be
suppressed.

Based on above analysis, aiming at identifying whether the gas phase
CyH4 prefers to be produced in CoHg dehydrogenation, the first is to
obtain the preference between CoH4* desorption and its dehydrogena-
tion to CaHs*/its C-C bond cleavage. Secondly, when CyH4* desorption
is favored, starting from CoHs*, judging whether its dehydrogenation to
CoHy* is also favored compared to its dehydrogenation to CHCHs* and
its C-C bond cleavage. Thirdly, when CyH4* formation is favored,

CCH,*<—-CHCH, "

CC*<—CCH,*

CCH,*<—+CHCH,*&

—C,H*—>CH,*+CH;*%2CH, *—>2C*
L 1

_C2H4*_ _)CH2*+CH2*

evaluating whether CoHg* dehydrogenation to CoHs* is still favored
compared to its C-C bond cleavage. Based on three aspects of analysis,
the catalysts with good CoH4* selectivity can be screened out. All energy
data of the elementary reactions are listed in Table 1.

3.1. The reactions involving in the desorption process of CoH4*

In the desorption process of CoHy*, starting from CoHy*, Fig. 3 pre-
sents CoHs* desorption energy, the activation free energy of CoHy*
dehydrogenation to CoHs*, and the reaction free energy of C-C bond
cleavage on the Cu-, Au-, Ag-based SAA catalysts (see details in Figs. S1
~ §3). When CoHy4* desorption energy becomes negative, it means that
CoHy4* desorption is spontaneous process, and it is exothermic. Previous
studies [49,56,57] showed that the more negative the value of CoHs*
desorption energy is, the easier CoH4* desorption is. As shown in Fig. 3,
our results show that CoH4* desorption to gas phase CaHy is much easier
in kinetics than its dehydrogenation and C-C bond cleavage on all
considered Cu-, Au-, Ag-based SAA catalysts. In a word, these catalysts at
the typical experimental temperature 873.15 K facilitate CyH4*
desorption to produce gas phase CoHy. In addition, Sun et al. [34] also
found that the Pt doped-Cu SAA catalyst facilitates propylene desorption
and inhibit its further dehydrogenation. Cao et al. [33] studied the ac-
tivity of Pd doped-Cu SAA catalyst for propane dehydrogenation, sug-
gesting that propylene desorption is much easier than its
dehydrogenation and C-C bond cleavage.

On the other hand, for CoH4* dehydrogenation and its C-C bond
cleavage, among all considered catalysts, only IrAg and IrAu catalysts

C2H6*__>CH3*+CH3*

Fig. 2. The reaction network of C,Hg dehydrogenation including the processes of C;Hg dehydrogenation to gas phase CoHy (solid red arrows), coking formation by
deep dehydrogenation path (left blue box) and the C-C bond cleavage path (dotted box and right blue box). x = 1-3, * and (g) corresponds to the adsorbed and
gaseous states, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Activation free energy (G,) and reaction free energy (AG) of the elementary reactions involving in CoHg dehydrogenation on all considered catalysts at 873.15 K and 1
atm.
Reactions Ga(AG)(kJ-mol ™)
Cu-based SAA catalysts
CoCu IrCu NiCu PdCu PtCu
R1 CoHe*—CoHs*+H* 49.5(16.5) 44.0(9.2) 72.8(25.9) 89.3(54.6) 73.3(35.4)
R2 CoHe*—CH3*+CH3z* 156.4(52.8) — 167.6(59.9) 202.2(47.0) 220.2(21.5)
R3 CoHs*—CHo*+CH3* 113.7(20.6) 186.5(95.3) 154.7(130.4) 135.3(81.2) 158.9(68.7)
R4 CoHs*—CoHy*+H* 3.9(-54.2) 70.7(52.5) 13.9(-5.6) 43.8(-6.6) 74.1(41.9)
R5 CyoHs*—CHCH3*+H* 14.6(-27.6) 61.9(20.0) 51.2(28.7) 92.9(50.5) 95.7(59.2)
R6 CoH4*—CHo*+CHy* (107.1) (122.4) (127.8) (196.7) (160.0)
R7 CoHy*—CoHs*+H* 66.7(64.9) 75.1(19.1) 71.3(42.2) 110.7(58.3) 90.2(46.6)
R8 CaH4*—CoHu(g) (-3.4) (-5.7) (-26.4) (-53.1) (-46.8)
Ag-based SAA catalysts
CoAg IrAg NiAg PdAg PtAg
R1 CoHg*—CoHs*+H* 75.0(50.0) 27.9(-5.8) 75.0(63.6) 113.1(100.9) 70.6(43.7)
R2 CoHe*—CH3*+CH3z* — 143.2(94.5) 167.2(97.0) 241.4(131.6) 236.1(82.8)
R3 CoHs*—CHo*+CH3* 180.0(131.2) 190.6(109.7) 193.7(129.5) 184.0(162.1) 218.6(163.1)
R4 CoHs*—CoHy*+H* 19.3(-21.6) 48.5(-14.8) 20.8(4.1) 67.9(37.5) 92.5(64.6)
R5 CyHs*—CHCH3*+H* 10.5(5.0) 51.3(6.3) 63.3(61.3) 113.1(98.7) 109.0(84.2)
R6 CoH4*—CHy*+CHy* (120.1) (134.8) (170.0) (240.9) (190.0)
R7 CoH4*—CoHg*+H* 60.9(42.4) 148.0(89.7) 65.3(63.8) 93.5(81.7) 70.3(61.1)
R8 CoH4*—CoHu(g) (-20.9) (-3.7) (-45.8) (-69.3) (-64.2)
Au-based SAA catalysts
CoAu IrAu NiAu PdAu PtAu
R1 CoHeg*—CoHs*+H* 56.6(43.0) 42.2(3.8) 77.7(75.3) 121.4(94.5) 60.0(35.5)
R2 CoHe*—CH3*+CH3* — — 281.5(109.1) 278.4(141.6) —
R3 CoHs*—CHy*+CH3* 206.3(86.9) 205.2(107.0) 198.0(117.0) 187.6(141.0) 220.6(135.8)
R4 CoHs*—CoHy*+H* 66.0(19.6) 61.4(0.7) 43.5(32.4) 46.7(31.3) 116.2(36.6)
R5 CoHs*—CHCH3*+H* 27.5(18.2) 46.2(18.6) 72.7(64.4) 116.2(86.6) 108.1(75.7)
R6 CoH4*—CHo*+CHy* (131.0) (127.2) (159.4) (212.7) (162.0)
R7 CoHg*—CoHs*+H* 113.2(75.8) 139.6(109.7) 86.3(81.9) 97.0(84.0) 87.6(65.9)
R8 CoHy*—CoHy(g) (-27.9) (-9.6) (-56.1) (-65.6) (-57.7)
The pure metal and alloy catalysts
Pd Pt Cr Pt3Sn Cu
R1 CoHe*—CoHs*+H* 58.2(6.8) 49.8(-30.0) 85.5(-77.8) 58.2(-0.1) 132.7(69.6)
R2 CoHe*—CH3*+CH3z* 245.2(80.6) 251.1(-10.3) 53.4(-116.9) 259.6(45.4) 295.4(88.2)
R3 CoHs*—CHo*+CH3* 192.4(67.7) 168.1(-6.5) 111.8(-72.5) 188.8(52.4) 130.5(73.2)
R4 CoHs*—CoHy*+H* 42.0(-24.5) 60.4(-24.4) 18.6(-58.0) 66.0(28.0) 41.0(0.4)
R5 CyoHs*—CHCH3*+H* 79.4(-12.7) 76.1(-2.5) 46.9(-38.3) 45.9(-1.3) 82.0(44.6)
R6 CoH4*—CHo*+CHy* 184.1(131.9) 197.6(73.9) 71.3(-38.2) 245.9(134.4) (151.9)
R7 CoHy*—CoHs*+H* 104.8(22.1) 66.6(-1.5) 33.0(-58.3) 75.2(30.2) 119.6(49.1)
R8 CaH4*—CoHu(g) (1.3) (18.0) (52.1) (-18.7) (-68.7)
Ag Au
R1 CoHg*—CoHs*+H* 196.1(162.5) 166.7(115.9)
R2 CoHg*—CHg*+CH3z* 333.6(187.1) 294.5(141.5)
R3 CoHs*—CHy*+CH3z* 224.5(163.6) 234.8(166.0)
R4 CoHs*—CoHy*+H* 74.8(15.1) 109.1(56.2)
R5 CoHs*—CHCH3*+H* 158.8(134.8) 209.1(129.0)
R6 CoH4*—CHy*+CHy* (309.2) (395.0)
R7 CoHg*—CoHa*+H* 165.2(112.5) 134.3(89.4)
R8 CaH4*—CoHy(g) (-98.5) (-99.2)

favored the C-C bond cleavage rather than its dehydrogenation, whereas
other types of SAA catalysts favor its hydrogenation instead of its C-C
bond cleavage, previous studies also support our results, for example,
Nam et al. [55] found that the C-C bond cleavage of CoH4* is difficult
compared to its desorption and dehydrogenation on the Pt(111) and
Pt3Sn(111). Saelee et al. [58] and Yang et al. [59] studied propane
dehydrogenation on the Ni(111), Pt(111) and Pt(211), and the C-C
bond cleavage of propylene is still hard compared to its
dehydrogenation.

3.2. The reactions involving in the dehydrogenation process of C2Hs*

As mentioned above, since C;H4* desorption is more favored on all
considered SAA catalysts, starting from CoHs*, we further judge whether
its dehydrogenation to CoH4* is also kinetically superior to its dehy-
drogenation to CHCH3* and its C-C bond cleavage. Fig. 4 presents the
activation free energy of CoHs* dehydrogenation to CoH4* and CHCH3*,
and its C-C bond cleavage on the Cu-, Au-, Ag-based SAA catalysts (see

details in Figs. S1 ~ S3).

On the Cu-based SAA catalysts, see Fig. 4a, IrCu is kinetically favored
for CHCH3* formation compared to CoH4* formation and its C-C bond
cleavage (61.9vs. 70.7,186.5 kJ -mol’l); whereas the CoCu, NiCu, PdCu
and PtCu catalysts prefer to produce CoH4* in kinetics compared to
CHCH3; formation and its C-C bond cleavage. Namely, IrCu cannot
produce CoHy4* in CoHs* dehydrogenation, while the CoCu, NiCu, PdCu
and PtCu catalysts favor CoH4* formation, the activity order is CoCu >
NiCu > PdCu > PtCu (3.9, 13.9, 43.8 and 74.1 kJ-mol™1).

On the Ag-based SAA catalysts, see Fig. 4b, CoAg is kinetically
favorable for CHCHs* formation, while the IrAg, NiAg, PdAg and PtAg
favored CoH4* formation, the activity is NiAg > IrAg > PdAg > PtAg
(20.8, 48.5, 67.9 and 92.5 kJ-mol~!). On the Au-based SAA catalysts, see
Fig. 4c, the CoAu, IrAu and PtAu are kinetically favorable for CHCH3*
formation, while both NiAu and PdAu catalysts favored CoH4* forma-
tion, the activity is NiAu > PdAu (43.5 and 46.7 kJ -mol™1).

Above results show that ten types of SAA catalysts, including the
CoCu, NiCu, PdCu, PtCu, IrAg, NiAg, PdAg, PtAg, NiAu and PdAu, favor



Y. Zhang et al.

Fuel 306 (2021) 121641

()

p—
[
|
=]

1224

107.1

CoCu IrCu

NiCu

I AG(C,H,*=C,H,(2))
B G,(C,H,*=C,H,*+H¥)
AG(C,H*=CH,*+CH,*)

160.0
142.3 A

110.7
90.2

-53.1 -46.8

PdCu PtCu

(b)

170.0

-20.9

CoAg IrAg

240.9

190.0

-64.2
PtAg

-69.3
PdAg

(c)

159.4

-27.9
-56.1

CoAu IrAu NiAu

212.7

162.0

-65.6 -57.7

PdAu PtAu

Fig. 3. The desorption free energy of CoH,*, the activation free energy of CoHy* dehydrogenation, and the reaction free energy of C-C bond cleavage for CoH4* on

the (a) Cu-based, (b) Ag-based, and (c) Au-based SAA catalysts at 873.15 K and 1 atm.
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Fig. 4. The activation free energy of CoHs* dehydrogenation to CoH4* and CHCH3*, and its C-C bond cleavage to CHy*+CHjs* on the (a) Cu-based, (b) Ag-based, and
(c) Au-based SAA catalysts at 873.15 K and 1 atm.
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CoHy* formation, while five types of SAA catalysts, including the IrCu,
CoAg, CoAu, IrAu and PtAu, prefer to CHCHs* formation, which leads to
carbon deposition and reduces CoHy* selectivity. Thus, these five types
of SAA catalysts, IrCu, CoAg, CoAu, IrAu and PtAu, are unfavorable for
CoHg dehydrogenation to produce gas phase CoHy. In addition, CoHg
dehydrogenation on the Pt3Sn and PtCu also shows that when CHCH3* is
easily formed in CyHs* dehydrogenation, CyHy selectivity decreases
[35,60].

3.3. The reactions involving in the dehydrogenation process of C2Hg*

As mentioned above, since ten types of SAA catalysts, CoCu, NiCu,
PdCu, PtCu, IrAg, NiAg, PdAg, PtAg, NiAu and PdAu, favored CoHs*
dehydrogenation to produce CyH4*, the dehydrogenation process of
CoHg* was further examined. Fig. 5 presents the activation free energies
of CoHg dehydrogenation to CoHs* and its C-C bond cleavage to two
CHs* on ten types of SAA catalysts (see details in Figs. S1 ~ S3).

On the Cu-based SAA catalysts, see Fig. 5, CoHg* dehydrogenation to
CoHs* on the CoCu, NiCu, PdCu and PtCu (49.5, 72.8, 89.3, 73.3
kJ-mol™!) is more preferred in kinetics compared to its C-C bond
cleavage (156.4, 167.6, 202.2, 220.2 kJ-mol™)), namely, these four
types of catalysts are in favor of C;Hg* dehydrogenation rather than its
C-C bond cleavage, and CyHs* is the dominant intermediate. Mean-
while, the activity of CoHg* dehydrogenation to CoHs* is CoCu > NiCu
> PtCu > PdCu.

On the Ag-based SAA catalysts, CoHg* dehydrogenation to CoHs* on
the IrAg, NiAg, PdAg and PtAg (27.9, 75.0, 113.1, 70.6 kJ-mol 1) is also
preferred kinetically than its C-C bond cleavage (143.2, 167.2, 241.4,
236.1 kJ-mol~1); the activity is IrAg > PtAg > NiAg > PdAg. On the Au-
based SAA catalysts, CoHg* dehydrogenation to CoHs* on the NiAu and
PdAu (77.7 and 121.4 kJ-mol™') is more favored than its C-C bond
cleavage (281.5, 278.4 kJ~mol_1); the activity is NiAu > PdAu.

Above results show that CoHg* dehydrogenation to CoHs* is kineti-
cally superior to its C-C bond cleavage on ten types of Cu-, Au-, Ag-based
SAA catalysts. In addition, Hansen et al. [49] and Nam et al. [55]
theoretically performed CyHg dehydrogenation on Pt(111) and Pt3Sn
(111), the kinetics results show that the C-H bond activation of CoHg* is
much easier than its C-C bond cleavage.
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3.4. General discussions

Based on above three aspects of analysis (CoH4* desorption, CoHs*
dehydrogenation and CpHg* dehydrogenation), ten types of Cu-, Au-,
Ag-based SAA catalysts, CoCu, NiCu, PdCu, PtCu, IrAg, NiAg, PdAg,
PtAg, NiAu and PdAu, are screened out to exhibit better selectivity to-
ward gas phase CoHy.

3.4.1. The activity analysis of C2H6 dehydrogenation to produce gas phase
CoH,

Previous studies [8,60,61] have shown that the first or second
dehydrogenation of light alkanes is identified as the rate-determining
step, meanwhile, our results also proved that CoH4* desorption is not
the rate-determining step on the screened ten types of Cu-, Au-, Ag-based
SAA catalysts. Thus, the activation free energy for the dehydrogenation
step of CoHg* and CaHs* could reflect the catalytic activity of CaHg
dehydrogenation on the catalysts. Here, the activity analysis for the
screened ten types of SAA catalysts, including the CoCu, NiCu, PdCu,
PtCu, IrAg, NiAg, PdAg, PtAg, NiAu and PdAu, were carried out.

As presented in Fig. 6a, the activation free energy of CoHeg* dehy-
drogenation is higher than that of CoHs* dehydrogenation on the CoCu,
NiCu, PdCu, NiAg, PdAg, NiAu and PdAu catalysts, suggesting that
CoHg* first dehydrogenation is the rate-determining step on these cat-
alysts; whereas the dehydrogenation of CoHs* is the rate-determining
step on the PtCu, IrAg and PtAg catalysts.

As illustrated in Fig. 6b, the overall barrier of CoHe* dehydrogena-
tion to gas phase CoHy on ten types of SAA catalysts showed that the
activity of CoHeg* dehydrogenation to CoHs* is in sequence of IrAg >
CoCu > NiCu > PtCu > NiAg > NiAu > PdCu > PtAg > PdAg > PdAu
(48.5, 49.5, 72.8, 74.1, 75.0, 77.7, 89.3, 92.5, 113.1 and 121.4
kJ-mol™Y), thus, the IrAg, CoCu and NiCu have higher activity, and the
PtAg, PdAg and PdAu have lower activity for CoHg* dehydrogenation to
gas phase CyHy.

On the other hand, previous work has shown that the adsorption
energy of adsorbed species involved in the targeted reactions is often
related to the barriers of this targeted reaction [62]. For example, Zhao
et al. [63] showed that the adsorption energy of CoHy is positively
correlated with the barrier of CoHs* formation in CoHy selective

B G, (C,H *=C,H_*+H*)
Bl G, (C,H *=CH,*+CH,*)

220.2

CoCu NiCu

PdCu PtCu IrAg

281.5

278.4

NiAg PdAg PtAg NiAu PdAu

Fig. 5. The activation free energies of C;Hg* dehydrogenation to CoHs* and its C-C bond cleavage to CH3*+CHj3* on the Cu-, Au-, Ag-based SAA catalysts at 873.15 K

and 1 atm.
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Fig. 6. (a) The activation free energy for the dehydrogenation steps of Co;Hg* and CoHs*, and (b) the overall barrier of C;He* dehydrogenation to gas phase CoH4 on

ten types of SAA catalysts at 873.15 K and 1 atm.

hydrogenation on the transition metals. The theoretical studies by Studt
et al. [64] found the turnover frequency of methanol and the adsorption
energy of O* on different NiGa alloy surfaces could plotted as a volcano
curve for the activity of CO2 hydrogenation to methanol. Thus, as shown
in Fig. 7a, the relationship between CyH4* desorption energy and the
overall barrier of CyHg* dehydrogenation to gas phase CyHy4 was
analyzed, indicating that with the decreasing of CoH4* desorption en-
ergy, the overall barrier of gas phase CoH4 production increases, and
therefore the activity of CoHe* dehydrogenation to gas phase CoHy de-
creases, namely, the easier the desorption of CoHg* is, the lower the
activity of CaHg* dehydrogenation to gas phase CpHy4 is, which is
consistent with the reportedly experimental results [8,34,35,49]. Thus,
it is believed that CoH4* desorption energy can be used to evaluate the
activity of CoHg* dehydrogenation to gas phase CoHy.

Further, when the transition metals are doped into the inert metals,
the d-band center will move, and the change of the binding energies for
the adsorbed species could be attributed to the changes of electronic
interaction based on the ligand effect [65,66]. The projected density of
state (pDOS) for the pure metals Cu, Ag, Au, and fifteen types of Cu-, Ag-
and Au-based SAA catalysts (see Fig. S6) showed that d-band center of
surface atoms is limited by the substrate metal Cu, Ag and Au with d-
band center values of —2.23, —3.98 and —3.24 eV, respectively. Mean-
while, previous studies [67-69] also confirmed that the d-band center
was closely related to the desorption energy of adsorbed species on the
transition metals. As shown in Fig. 7b, when the active metals Ir, Ni, Pt
and Pd is doped into the substrate metal Cu, compare to the pure metal
Cu, the d-band centers of PdCu, PtCu, NiCu and IrCu are gradually close
to the Fermi level, correspondingly, CoH4* desorption energy gradually

increases. The same things also occur on the substrate metals Ag and Au.
The same thing also occurred for CH4 dehydrogenation on various Cu-
based SAA catalysts [65].

3.4.2. The selectivity trend of CoHg dehydrogenation to gas phase C2Hy

As mentioned above, among two dehydrogenation steps and one
desorption step involving in CoHe* dehydrogenation to gas phase CaHa,
CoHg* dehydrogenation to CoHs* on ten types of SAA catalysts is much
easier in kinetics than its C-C bond cleavage; similarly, CoH4* desorp-
tion is also much easier in kinetics than its dehydrogenation and C-C
bond cleavage. Namely, CoHg* first dehydrogenation step and CoHy*
desorption step hardly affect the selectivity of gas phase CoH4 in CoHg
dehydrogenation. Thus, the key factor that affects the selectivity of gas
phase CoHy dominantly focus on CoHs* dehydrogenation step, however,
the C-C bond cleavage of CoHs* is very difficult in kinetics, so the
selectivity of gas phase CaHy is mainly controlled by CoHs* dehydro-
genation to produce CoHy* and CHCH3*.

Previous work found that the energy barrier difference between two
steps that starting from the same initial reactant could be used as the
simplest descriptor to quantitatively evaluate the selectivity [34,55],
thus, starting from CyHs* dehydrogenation, the selectivity of gas phase
C2H,4 on ten types of SAA catalysts follows the order of PdAu > PdCu >
PdAg > NiAg > NiCu > NiAu > PtCu > PtAg > CoCu > IrAg (69.5, 49.1,
45.2, 42.5, 37.3, 29.2, 21.6, 16.5, 10.7 and 2.8 kJ-mol ). Here, PdAu,
PdCu, PdAg, NiAg, NiCu and NiAu are considered to exhibit better
CoH4* selectivity, and IrAg has a poor CoHy4* selectivity.

Similar to the activity analysis, as shown in Fig. 8a, the relationship
of CoHs* adsorption energy with the energy barrier difference between
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Ag, Au and SAA catalysts at 873.15 K and 1 atm.

CoHs* dehydrogenation to CHCHs* and CyHs* show that with the
decreasing of CoHs* adsorption energy, the energy barrier difference
increases, namely, the selectivity of CpH4* increases. Thus, CaHs*
adsorption energy on the SAA catalysts can reflect CoH4* selectivity, the
weaker the adsorption energy of CoHs* is, the higher the selectivity of
C2H4* is.

On the other hand, when CyHs* was adsorbed on the Cu-, Ag-, and
Au-based SAA catalysts, the interaction between CyHs* and the sub-
strate is affected by the strain effect or ligand effect, leading to the in-
fluence on the adsorption energy of CoHs* [23,70]. pCOHP analysis for
CyHs* adsorbed on the SAA catalysts surface was carried out, which can
present the electron interaction strength of bonding and anti-bonding
orbitals between the doping metal elements and the bonding state of C
atom linked with the metals (see Fig. S7). The bonding state and anti-
bonding state correspond to positive and negative values of vertical
coordinates, respectively [71,72]. The anti-bonding states above the
Fermi level of all SAA catalysts in the pCOHP diagrams are very weak,
indicating that the adsorption strength of CoHs* is mainly determined by
the bonding orbital. We integrated the bonding state above the Fermi
level, and considered the correlation between the pCOHP integral and
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CyHs* with the energy barrier difference of C;Hs* dehydrogenation to CHCH3*
and C,H4* on ten types of SAA catalysts.

CoHs* adsorption energy, as presented in Fig. 8b, pCOHP integral values
increase, CoHs* adsorption energy of increase on all considered Cu-, Ag-,
and Au-based SAA catalysts, indicating that the adsorption energy of
CoHs* has a positive correlation with the bonding strength; similarly,
the studies by Niu et al. [73] for oxygen reduction reaction on TM/g-
C3Ny catalysts also showed that the pCOHP integral values between the
4d TM centers and the OH intermediate decrease, the adsorption energy
of OH intermediate increases.

Further, to reveal the influence of CoHs* adsorption energy on CoHy*
selectivity, the Bader charge of CoHs* adsorbed on the SAA catalysts was
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analyzed (see Table S2), in which the C atom of CoHs* that is in the
bonding state with the metal is defined as C,, and the second C atom of
CoHs* is defined as Cp. During the dehydrogenation process of CoHs*,
the ability of Cs-H bond cleavage affects the selectivity of CoHg*. As
shown in Fig. 8c, the energy barrier difference between CyHs* dehy-
drogenation to CHCH3* and its dehydrogenation to CoH4* has the close
relationship with the charge of Cg, that is, the relationship between the
selectivity of CoH4* and the charge of Cp presents a volcanic curve, when
the charge of Cs gradually increased to 4.10 e, the selectivity of CoHs*
reach the maximum on PdAu catalyst. Therefore, the moderate charge of
Cp in CoHs* decreases the competition between CoHs* dehydrogenation
to CoHy* and its dehydrogenation to CHCH3*, and enhance the selec-
tivity of CoHy*.
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3.5. Microkinetic modeling

To clearly illustrate the catalytic performance under the realistic
reaction conditions, the selectivity and formation rate of CoHs* were
analyzed using microkinetic modeling calculations (see details in the
Supplementary Material).

As shown in Fig. 9a and Table S5, the relationship between CyHs*
adsorption energy and CoH4* selectivity and formation rate showed that
with the decreasing of CoHs* adsorption energy, CoHy* selectivity in-
creases. Five types of IrCu, CoAg, CoAu, IrAu and PtAu catalysts exhibit
poor CoHy* selectivity, however, among ten types of SAA catalysts, the
PdAu, PdCu, NiCu, PdAg and NiAg catalysts showed better CoHg*
selectivity, which is consistent with the selectivity trend results in Sec-
tion 3.4.2. As shown in Fig. 9b and Table S5, the relationship between
CoHy* desorption energy and CyH4* selectivity and formation rate
showed that with the decreasing of CyH4* desorption energy, the

1.00
0.88

0.75

<

=

w
Selectivity

S
n
S

S
()
o

0.25

0.13

0.00
-1.7

5.50

4.31

3.13

1.94

0.75

-0.44

log(rate (site™-s))

-1.63

-2.81

-4.00

-10 0

C,H,* desorption (kJ-mol™)

Fig. 9. Relationship of CoH4* selectivity and formation rate on the SAA catalysts with (a) the adsorption energy of C,Hs*, and (b) CoH4* desorption energy at 873.15
K and 1 atm. White lines on the edge of the coordinate axis represent the limits of CoH4* selectivity and formation rate.
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formation rate of CoH4* also decreases. CoCu, NiCu, IrAg, NiAg and
PdCu showed higher activity of CoH4* formation, especially CoCu and
NiCu catalyst, which is in agreement with the activity trend results in
Section 3.4.1. Previous studies also show that CoCu catalyst has good
dehydrogenation activity, for example, Reddy et al. [74] showed that
CoCu/MgO catalyst with the higher Cu and Co dispersion has better
catalytic activity toward the dehydrogenation/dehydration reaction of
1,4-butanediol. Bulut et al [75] prepared CuCo alloy nanoparticles
supported on the surface of activated carbon, which showed high ac-
tivity in the hydrolytic dehydrogenation of ammonia-borane.

Based on above analysis, taking the activity and selectivity of CoHg*
formation on the SAA catalysts, the NiCu, PdCu and NiAg catalysts are
thought to be the promising catalysts in CoHg dehydrogenation, espe-
cially, NiCu catalyst.

3.6. Comparisons of catalytic performance between NiCu and Cu, Ag, Au,
Pd, Pt, Cr, Pt3Sn

To further evaluate the performance of NiCu SAA, CaHg dehydro-
genation process on the pure Cu, Ag and Au surfaces are investigated
(see details in Table 1 and Fig. S5). Firstly, in the desorption process of
CoHy*, the C-C bond cleavage and the dehydrogenation of CoH4* on the
Cu, Ag, Au catalysts are kinetically difficult compared to its desorption
(151.9, 119.6 vs. —68.7, 309.2, 165.2 vs. —98.5 and 395.0, 134.3 vs.
—99.2 kJ-mol1). Secondly, in the dehydrogenation process of CyHs*,
the C-C bond cleavage on the Cu, Ag and Au catalysts is also difficult,
moreover, Cu, Ag and Au prefer the formation of CoH4* in kinetics rather
than CHCH3* formation (41.0 vs. 82.0, 74.8 vs. 158.8 and 109.1 vs.
209.1 kJ-mol™Y). Finally, in the dehydrogenation process of CoHg*, the
C-C bond cleavage on the Cu, Ag and Au is difficult compared to its
dehydrogenation (132.7 vs. 295.4, 196.1 vs. 333.6 and 166.7 vs. 294.5
kJ-mol~1). Further, microkinetic modeling show that CoH4* selectivity
on the Cu, Ag and Au catalysts (99.60%, ~100% and 99.99%) is slightly
higher that on NiCu catalyst (98.70%), however, the activity of CoH4*
formation (9.05 x 10* s_1~site_1) on NiCu is much higher about 4 ~ 13
orders of magnitude than that on the Cu, Ag and Au catalysts (4.84 x
100, 1.42 x 108 and 2.18 x 107° s’1~site’1). On the other hand, the
metal Pd, Pt, Cr and Pt3Sn catalysts have been widely used in alkane
dehydrogenation [17,59,76-78], as a result, CoHg dehydrogenation on
the metal Pd, Pt, Cr and Pt3Sn is further examined to evaluate the cat-
alytic performance of the promising NiCu catalyst (see details in Table 1
and Fig. S4). Firstly, in the desorption process of CoH4*, the C-C bond
cleavage on the Pd, Pt, Cr and Pt3Sn catalysts is kinetically difficult;
meanwhile, unlike the Pd, Pt and Pt3Sn catalysts, the Cr catalyst kinet-
ically prefers CoHy* dehydrogenation rather than its desorption (33.0 vs.
52.1 kJ-mol™1). Secondly, in the dehydrogenation process of CoHs*, the
C-C bond cleavage on the Pd, Pt, Cr and Pt3Sn catalysts is also difficult,
Pt3Sn prefers the formation of CHCHs* in kinetics rather than CoHy*
formation (45.9 vs. 66.0 kJ-mol™1). Finally, in the dehydrogenation
process of CoHg*, the C-C bond cleavage on the Pd, Pt and Pt3Sn is
difficult, while the Cr catalyst kinetically prefers the C-C bond cleavage
compared to its dehydrogenation to CoHs* (53.4 vs. 85.5 kJ -mol™1). Pd
and Pt catalysts prefer to produce gas phase CoHy in CoHg dehydroge-
nation, which agrees with the previously reported studies for CoHe
dehydrogenation on the Pt [53] and Pd catalysts [79,80]. In addition, it
is noted that previous studies [8,81,82] considered Pt3Sn catalysts as an
excellent catalyst for propane dehydrogenation, in which CH3CH =
CHy(g) selectivity is evaluated only based on the competition between
CH3CH = CHy* dehydrogenation and CH3CH = CH>* desorption, while
the competition between C3H7* dehydrogenation to CH3CH = CHy* and
its dehydrogenation to CH3CH,CH*/CH3CCH3* was not considered.
Similarly, for CoHg dehydrogenation, our results also show that CoHy4*
desorption is much easier in kinetics than its dehydrogenation and C-C
bond cleavage on Pt3Sn catalysts, which agrees with that involving in
propane dehydrogenation. However, when considering the effect of
CoHs* dehydrogenation to CHCH3* on CHy = CHy* formation, CHCH3*
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formation is kinetically easier than CyH4* formation (45.9 vs. 66.0
kJ-mol™1), as a result, CoHy (g) selectivity will decrease. Similar results
were also obtained by Nam et al. [55], which found that CoHs* dehy-
drogenation to CHCHgs* is kinetically favorable than its dehydrogena-
tion to CoHyg*, namely, CHCH3* formation reduces CoHy* selectivity in
ethane dehydrogenation on Pt3Sn catalyst.

As listed in Table S5, among the NiCu, Cu, Ag, Au, Pd and Pt cata-
lysts, the comparisons of catalytic performance show that CoH4* selec-
tivity on the Cu, Ag and Au catalysts are close to that on NiCu catalyst,
but the activity of CoH4* formation are far lower than NiCu catalyst. For
Pd and Pt catalysts, CoH4* selectivity on NiCu catalyst (98.70%) is close
to that on Pd catalyst (99.79%), and is much higher than that on Pt
catalyst (43.80%). Meanwhile, the activity of CoH4* formation (9.05 x
10*s7L.site™!) on NiCu is higher about 4.6 times than that on Pd catalyst
(1.98 x 10* s’l-site’l), and is close to that on Pt catalyst (9.26 x 10*
s Lsite™1). Thus, taking the activity and selectivity of C;H4* formation
on the NiCu, Pd and Pt catalysts, NiCu shows superior catalytic perfor-
mance than Pd and Pt catalysts. Further, NiCu with the best activity and
selectivity is consisted of the non-noble metals Cu as the base materials
and Ni as the doped metal, which has a considerable cost advantage
compared to the noble metals Pd and Pt. In addition, previous experi-
ments also showed that NiCu catalyst exhibited better catalytic perfor-
mance toward the dehydrogenation reaction, for example, Luo et al. [83]
and Janvelyan et al. [84] found that the low-cost NiCu bimetallic cata-
lyst exhibited the high-yield and selective production of Hy and acetal-
dehyde in ethanol dehydrogenation process. Shan et al. [29,85] studied
the selective non-oxidative dehydrogenation of ethanol to acetaldehyde
and Hy on highly dilute NiCu alloys, suggesting that adding a small
amount of Ni into Cu to form highly dilute NiCu alloys dramatically
increases the catalytic activity and their long-term stability.

3.7. Dual descriptors proposed to evaluate the activity and selectivity of
CHg dehydrogenation

Based on above results about two dehydrogenation steps and one
desorption step involving in CoHg* dehydrogenation to gas phase CoHy,
the dual descriptors are proposed to evaluate the catalytic activity and
selectivity of CoHg dehydrogenation on the single-atom Co, Ir, Ni, Pd and
Pt doped-Cu, Ag and Au SAA catalysts: One is the adsorption energy of
CoHs* defined as the first descriptor to evaluate CoHg* selectivity, in
which the weaker the adsorption energy of CoHs* is, the higher the
selectivity of CoHg* is. The other is the desorption energy of CoHg*
defined as the second descriptor to evaluate the activity of CoH4* for-
mation, in which the lower the desorption energy of CoHy* is, the lower
the activity of CoHy* formation is.

4. Conclusions

In this work, CoHg dehydrogenation to gas phase CoH4 on fifteen
types of SAA catalysts including the single-atom Co, Ir, Ni, Pd and Pt
doped-Cu, Ag and Au, three pure metal Pd, Pt and Cr, and Pt3Sn catalysts
were fully investigated using DFT calculations and microkinetic
modeling. Here, the related reactions involving in the dehydrogenation
processes of CoHg* and CoHs*, and the desorption process of CoHg* were
considered. The result shows that the dehydrogenation steps of CoHg*
and CpHs* is the rate-determining step of CoHg dehydrogenation to gas
phase CoHy, the selectivity of gas phase CoHy is mainly controlled by the
dehydrogenation of CoHs* to form CHCH3* or CoHyg*. Ten types of SAA
catalysts including the CoCu, NiCu, PdCu, PtCu, IrAg, NiAg, PdAg, PtAg,
NiAu and PdAu are screened out to favor the formation of gas phase
CoHy, among them, the low cost NiCu catalyst exhibits the best activity
and selectivity toward gas phase CoHy formation, which is superior to
the noble metals Pd and Pt widely reported. More importantly, the ac-
tivity of CoHg dehydrogenation to gas phase CoHy4 on all considered SAAs
catalysts has a relationship with CoH4 desorption energy, the easier the
desorption of CyHy is, the lower the activity of CoHg dehydrogenation to
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gas phase CyHy is. Similarly, CoHy selectivity has a relationship with
CoHs adsorption energy, the weaker CaHs adsorption energy is, the
higher CoHy selectivity is. Essential reason of the close relationship was
explained based on the analysis of electronic properties. Further, the
dual descriptors, Co;H4 desorption energy and CaHs adsorption energy on
the catalyst, were proposed to evaluate the activity and selectivity of
CyHg dehydrogenation to gas phase CpHy, respectively, which could
provide a simple and valuable method to screen out high performance
SAA catalysts in alkane dehydrogenation to alkene.
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